Herein we present a simple, cost-effective TopDown (TD) gene synthesis method that eliminates the interference between the polymerase chain reactions (PCR) assembly and amplification in one-step gene synthesis. The method involves two key steps: (i) design of outer primers and assembly oligonucleotide set with a melting temperature difference of >108C and (ii) utilization of annealing temperatures to selectively control the efficiencies of oligonucleotide assembly and full-length template amplification. In addition, we have combined the proposed method with real-time PCR to analyze the step-wise efficiency and the kinetics of the gene synthesis process. Gel electrophoresis results are compared with real-time fluorescence signals to investigate the effects of oligonucleotide concentration, outer primer concentration, stringency of annealing temperature, and number of PCR cycles. Analysis of the experimental results has led to insights into the gene synthesis process. We further discuss the conditions for preventing the formation of spurious DNA products. The TD real-time gene synthesis method provides a simple and efficient method for assembling fairly long DNA sequence, and aids in optimizing gene synthesis conditions. To our knowledge, this is the first report that utilizes real-time PCR for gene synthesis.
INTRODUCTION
Synthetic gene with man-made DNA sequences has become a powerful molecular tool with broad applications on engineering proteins (1, 2) , artifical gene networks (3) and synthetic genomes (4) (5) (6) . The DNA biomolecules are constructed by assembling pools of oligonucleotides into larger DNA using de novo PCR-(6,7) or ligase chain reaction (LCR)-based (4, 8) synthesis methods. The most reported methods for constructing long DNA were based on the PCR process, which relied on the use of overlapped oligonucleotides to construct genes. Various PCR-based methods have been proposed in attempt to optimize the PCR process for long DNA sequences, and to enhance the accuracy of assembly. These methods include the thermodynamically balanced inside-out (TBIO) method (9) , successive PCR (10), dual asymmetrical PCR (DA-PCR) (11) , overlap extension PCR (OE-PCR) (12, 13) , PCR-based two-step DNA synthesis (10, 14, 15) and one-step gene synthesis (16) . While various PCR approaches have been implemented, mysteriously the reported optimal synthesis conditions always coincided with an oligonucleotide concentration of 10-60 nM, an outer primer concentration of 200-800 nM, and a PCR cycle number of 20-35 (9, 10, (15) (16) (17) (18) . Genes assembled from unpurified, desalted oligonucleotides often resulted in full-length sequence with spurious products of higher molecular weights (9) (10) (11) (12) (16) (17) (18) (19) , which degraded the purity of the synthesized products. This abnormal event is usually neglected without explaination by authors. Although PCR-based gene synthesis has been widely implemented, there is a lack of capability in accurately predicting the gene synthesis. The development of an accurate model of gene synthesis would aid in understanding these phenomena and designing optimal reaction conditions.
Another issue associated with gene synthesis is the lack of a standard or universal method (20) . Depending on the complexity of target genes, the synthetic genes are often constructed with a one-step or two-step overlapping process. For its simplicity, the one-step process is preferred for short DNAs (<500 bp), wherein the amplification primers are mixed with assembly oligonucleotides in a single PCR reaction. The melting temperatures (T m ) of these oligonucleotides are commonly designed with homologous T m to balance the PCR assembly and amplification. Hence, the excess outer primers would preferentially anneal with extended oligonucleotides, resulting in a potentially large portion of amplification primers participating in the initial gene assembly cycles. This could deplete the deoxynucleotide triphosphates (dNTPs) and cease the PCR reaction (17, 21) . This competitive effect is more critical for DNA with high GC content or length (9, 10) , and is eliminated in the two-step PCR process whereby the amplification and assembly are performed separately with the extra cost of fresh PCR mixture and additional human effort. In the two-step process, a pool of short oligonucleotides is first assembled into long double-stranded DNA (dsDNA) (termed 'template') with the desired length and sequence information using the polymerase chain assembly (PCA). The quantity of the assembled template DNA is then amplified by the PCR step.
Herein we described a novel approach that combined the simplicity and cost effectiveness of the one-step process, with the assembly efficiency of the two-step process for the synthesis of relatively long genes. This method utilized software to design primers and oligonucleotides with distinct melting temperatures to minimize the competition between the PCA assembly and PCR amplification in the one-step gene synthesis. Figure 1 shows the concept of the proposed TopDown (TD) one-step gene assembly method. The outer primers (T m $508C) and inner oligonucleotides (T m $658C) were designed with a melting temperature difference (ÁT m ) of $158C. The overlapping gene synthesis was conducted in one PCR mixture with two annealing temperature segments for oligonucleotide assembly and full-length template amplification, respectively. A high annealing temperature (T ah ) (matched to the T m of oligonucleotides) was used for the first 20 cycles aimed at assembly. This was followed by a low annealing temperature (matched to the T m of primers) to boost the full-length amplification. The outer primers were subjected to an elevated annealing condition (T ah -T m = 158C) during the early assembly process, which prevented mis-pairing among primers and oligonucleotides.
We further combined the TD one-step gene synthesis with real-time PCR to investigate the gene synthesis process. LCGreen I and SYBR Green I intercalation dyes were examined for real-time gene synthesis. Gel electrophoresis results were compared with the real-time fluorescence signals to study the effects of the oligonucleotide concentration, outer primer concentration, stringency of annealing temperature, and number of PCR cycles. Performing real-time gene synthesis provided a novel approach to explore these factors in a systematic study, which revealed unique information not available from gel electrophoresis results (16) . An analytical model was further developed, which uncovered the mystery of coincident optimal conditions, and the formation of undesired, spurious DNA products. This real-time method provided new insights into gene synthesis and a universal method for gene synthesis.
MATERIALS AND METHODS

Design of oligonucleotides for gene synthesis
Gene sequence for the promoter of human calciumbinding protein A4 (S100A4, 752 bp; chr1:1503312036-1503311284) (22) was selected for synthesis via assembly PCR. Oligonucleotides were derived by a customdeveloped program, which first divided the given sequence into oligonucleotides of approximately equal lengths by markers, and computed the average and deviation in melting temperatures among the overlapping regions using the nearest-neighbor model with SantaLucia's thermodynamic parameter (23) , corrected with salt and oligonucleotide concentrations. Next, the oligonucleotide lengths were adjusted through shifting the marker positions to minimize the deviations in the overall overlapping melting temperature. The summary of oligonucleotide set is shown in Table 1 with the detail information provided in Supplementary Table S1 .
TopDown one-step real-time gene synthesis TopDown one-step process was optimized using real-time PCR conducted with Roche's LightCycler 1.5 real-time thermal cycling machine with a temperature transition of 208C/s. Real-time gene synthesis was conducted with 20 ml of reaction mixture including 1Â PCR buffer (Novagen), 1 ml of 0.25Â to 5Â SYBR Green I (1Â = 1/20 000 dilution; Invitrogen) or LCGreen I (Idaho Technology Inc.), 4 mM of MgSO 4 , 1 mM each of dNTP (Stratagene), 500 mg/ml of bovine serum albumin (BSA), 5-80 nM of oligonucleotides, 60 nM to 1 mM of forward and reverse primers and 1 U of KOD Hot Start (Novagen). The PCR were conducted under the following conditions: 2 min of initial denaturation at 958C; 20 cycles of 958C for 5 s, 58-708C for 10 s, 728C for 30 s; followed by 20 cycles of 958C for 5 s, 498C for 10 s, 728C for 30 s; and final extension at 728C for 10 min. Desalted oligonucleotides were purchased from Research Biolabs (Singapore) and Proligo (Singapore) without additional purification.
One-step and two-step PCR-based gene synthesis Conventional gene synthesis via PCR was performed either as a one-step process, combining PCR assembly and amplification into a single stage, or as a two-step process with separate stages for assembly and amplification. All PCR reactions, whether for assembly or amplification, were run in standard 0.2 ml PCR tubes with a commercial thermal cycler (DNA Engine PTC-200, Bio-Rad) using the same oligonucleotides set and out primers as in the non-competitive one-step PCR. The one-step process was performed with 50 ml of reaction mixture including 1Â PCR buffer (Novagen), 4 mM of MgSO 4 , 1 mM each of dNTP (Stratagene), 500 mg/ml of BSA, 10 nM of oligonucleotides, 400 nM of forward and reverse primers and 1 U of KOD Hot Start (Novagen). The one-step PCR was conducted under the following conditions: 2 min initial denaturation at 958C; 30 cycles of 958C for 5 s, 588C for 10 s, 728C for 30 s; and final extension at 728C for 10 min. The PCR protocol of the two-step process was essentially the same as that for one-step process except for the concentration of oligonucleotides and annealing temperature. For PCR assembly, 10 nM of oligonucleotides were used without the forward and reverse primers. For gene amplification, 2 ml of the assembled product was diluted in 25 ml of amplification reaction mixture with primers concentration of 400 nM each, and an annealing temperature of 498C was employed. The PCR conditions of these three gene syntheses are summarized in Table 2 .
Agarose gel electrophoresis
The synthesized products were analyzed by 1.5% agarose gel (NuSieve Õ GTG Õ , Cambrex Corporation), stained with ethidium bromide (Bio-Rad Laboratories) or SYBR Green (Invitrogen), and visualized using Typhoon 9410 variable imager (Amersham Biosciences). Gel electrophoreses were performed at 100 V for 45 min with 100 bp ladder (New England) and 5 ml of DNA samples.
RESULTS
Performance of TD one-step gene synthesis
Successful gene synthesis was achieved using TD one-step and two-step processes, while no obvious full-length gene product was obtained in one-step PCR process as shown by gel electrophoresis (Figure 2 ). The TD one-step process was conducted with an annealing temperature (T ah ) of 678C (average T m of oligonucleotides = 668C) for the first 20 cycles, followed by an annealing temperature of 498C (average T m of primers = 50.18C) for another 20 cycles. The continuous fluorescence monitoring revealed the efficiency of the gene synthesis process (Figure 3 ). Unlike the exponential nature of PCR amplification, the assembly efficiency was more likely linear in nature.
Two intercalating fluorescent dyes (SYBR Green I and LCGreen I) were investigated for real-time gene synthesis (Supplementary Figure S1) . The LCGreen I (24) was more suitable for studying the real-time gene synthesis, which has a fluorescence spectrum similar to the commonly adopted SYBR Green I in real-time PCR. The SYBR Green I would bind preferentially to long DNA fragments (25, 26) , and could redistribute from short DNA fragments to long DNA fragments during thermal cycling (27) . This would make it difficult to analyze the fluorescence signal since the PCA mixture would contain various lengths of dsDNA.
The initial DNA quantity ($6 pmol; 10 nM Â 20 ml Â 30 oligonucleotides) in PCA mixture was much larger (by >6 orders of magnitude) than that in standard PCR amplification (<10 6 copies of template DNA) (28) . The realtime PCR conditions were adjusted for this factor. The optimal concentration of LCGreen I was studied and increased from 1Â for standard PCR to 2Â (Supplementary Figure S1 ). The dNTPs concentration was adjusted from 0.2 mM each for standard PCR to 1 mM each to prevent the depletion of dNTPs. The Mg 2+ ion (MgSO 4 ) concentration has been empirically optimized (at 4 mM) based on the concentration of dNTP, which could chelate with Mg 2+ and affect the polymerase activity (29, 30) (Supplementary Figure S2) . The manufacturer's recommended Mg 2+ ion concentration was 1.5 mM for standard PCR with 0.2 mM of dNTPs each.
Analysis of real-time gene synthesis
Mechanistically, gene synthesis took place in several phases, as revealed by the variation in slopes with the number of PCR cycles (Figure 4 ). This phenomenon was remarkable with an oligonucleotide concentration of 10-20 nM. In the early cycles of PCA, most annealing between paired oligonucleotides formed an extendable duplex, which could undergo extension by polymerase For gene synthesis with >64 nM of oligonucleotides, the PCR process reached the plateau within 15 cycles. Additional cycles would most likely favor non-specific PCR, and lead to the generation of spurious bands and the buildup of high molecular weight products in gel electrophoresis (Figure 4b ), as observed in most reported gene synthesis results (9) (10) (11) (12) (16) (17) (18) (19) . The consistent gel results and real-time PCR curves suggested that the optimal oligonucleotide concentration was 10-20 nM for TD gene synthesis, which coincided with that of both the one-step (16, 17) and two-step (18) processes.
We further investigated the effect of primer by varying primer concentration from 60 nM to 1 mM while keeping the oligonucleotide concentration at 10 nM. The highest full-length quantity was obtained with 400 nM of primers ( Figure 5 ), which was consistent with observations in onestep (16) and two-step (18) processes. Assembly efficiencies, depicted by the slopes of fluorescence increment, were indifferent in the early cycles (less than cycle 7), even though the primer concentration was varied by 16-fold (inset in Figure 5a ). This demonstrated the noninterference feature of the TD process, wherein the outer primers did not intervene with the assembly process. The assembly efficiencies started to deviate at around cycle 8 as the full-length products emerged, in favor of full-length template amplification. Unlike the oligonucleotide concentration, which dominated the assembly reaction and critically influenced the success of gene synthesis, the primer concentration was less critical. It presumably controlled the late amplification process and the quantity of desired DNA. The optimal PCR cycles depended on the initial oligonucleotide concentration and target gene length. This was clearly demonstrated by the experiment on oligonucleotide concentration ( Figure 4) . As oligonucleotide concentration increased from 20 nM to 80 nM, the full-length band gradually disappeared and became widened.
The overlapping assembly was a parallel process. Relatively few PCR cycles were needed to complete the assembly. The theoretical minimum number of cycles (x) in order to construct a dsDNA molecule of length (L) from uniform oligonucleotide length (n) and overlapping size (s) is given by:
Theoretically, six PCA cycles were sufficient for assembling S100A4 (752 bp) from a pool of 40 nt oligonucleotides with an overlap of 20 nt. To determine whether excess cycling was necessary for gene assembly, we used the optimal condition determined in previous experiments with various PCA cycles of 6-20, followed by 20 amplification cycles. Gene synthesis was fairly efficient. Indeed, full-length assembly was achieved within 11 PCA cycles ( Figure 6 ). The gene synthesis was insensitive to the variation in assembly annealing temperature (T ah ) from 588C to 708C, as visualized in both gel results and fluorescence signals ( Figure 7 ). The fluorescence intensity curves were indiscriminant to the annealing temperatures during the assembly phase (first 13 cycles), and began to deviate only after the first phase (see inset in Figure 7a ). The indifference in fluorescence intensity during the first 13 cycles implied that the primers did not intervene with the assembly reaction. The primers were designed with an average T m of 50.98C, which meant that the primers encountered an annealing stringent of 7.1-19.98C (T ah -T m ) during the PCA process. This suggested that we could potentially reduce the melting temperature window (ÁT m of primers and oligonucleotides) to 7.18C, and ensure the non-competitive feature of TD gene synthesis method. Interestingly, a higher yield of the desired DNA was obtained with a stringent annealing temperature (>678C) higher than the average T m of oligonucleotides (668C). 
DISCUSSION
We have presented the TD gene synthesis method, which offered a simple, rapid and low-cost method for synthesizing fairly long DNA (752 bp) with only one PCR step. The primer interference problem present in one-step process has been eliminated by designing primers and assembly oligonucleotide set with melting temperature variation (ÁT m ) of >158C, and performing T m -matched PCR to selectively control the efficiencies of oligonucleotide assembly and full-length template amplification. Our data suggested that the TD process might also work well with a relaxed ÁT m of 7.18C. The TD synthesis conditions have been empirically optimized using real-time PCR with LCGreen I dye. It was noted that the popular SYBR Green I dye was not suitable for real-time gene synthesis. Other intercalating dyes such as LCGreen (25) and SYTO9 (31) might also work, but required further optimization in dye concentration.
Based on the data presented herein, we have developed an analytical model that described the TD one-step gene synthesis process clearly. The TD synthesis occurred in five phases in term of PCR cycles: (i) linear assembly, (ii) emerging amplification, (iii) first plateau, (iv) exponential amplification and (v) non-specific amplification. Our experiments have demonstrated that TD one-step gene synthesis was fairly efficient, as compared to the conventional one-step and two-step processes. We found the assembly process automatically switched to preferential full-length amplification as the full-length template emerged. This greatly improved the assembly efficiency of the PCA process as compared to the conventional one-step and two-step processes.
We found that the quality and quantity of PCR-based gene synthesis were influenced by several factors, including annealing temperature, concentration of oligonucleotides, concentration of monomers and number of PCR cycles. The fluorescence curve (10 nM curve in Figure 4 ) suggested the assembly and amplification processes reached the plateau at around cycle 15 and cycle 35, respectively. This implied that the optimal PCR cycles were 30 cycles: 15 cycles each for assembly and amplification reactions. Furthermore, after the PCR reached the plateau, the amplification efficiency of PCR decreased. Additional PCR cycling would favor the non-specific annealing of the full-length product to assembled random-fragments or the full-length product itself. Both extendable and unextendable pairings could occur. Products annealed in the 3 0 recessed configuration could be extended to higher molecular weight DNA and be randomly terminated during the later cycles. In contrast, products annealed with 3 0 ends protruded would reduce the amount of full-length DNA, and generate DNA with lower molecular weight. Both of these types of nonspecific annealing would result in diminished full-length gel band (32) , as observed in gel electrophoresis. These abnormal products with incorrect DNA sequences would potentially complicate the enzymatic cleavage or consensus shuffling error correction process (33, 34) when consecutive PCRs were adopted for gene re-assembly or DNA re-amplification.
Although the gel results ( Figure 1 ) indicated that the two-step process was superior to the TD one-step process, we could argue that the optimized TD approach could eventually outperform the two-step process in providing better purity of synthetic products, with the understanding of gene synthesis mechanism. The two-step method suffered the same rapid decrease on extension efficiency as the one-step process during the assembly process (PCA), which created a lot of intermediate DNAs with lower molecular weight besides the full-length products. The non-specific annealing and extension would most likely also occur during PCA, considering the observed fairly efficient full-length assembly (<10 cycles) ( Figure 5 ). These higher molecular weight products could also contain primers' binding sites, and be exponentially amplified at the next amplification step (PCR) as the fulllength products (32, 35) . These incorrect products would complicate the error filtering process (33, 36) , requiring excess MutS enzyme. We could improve the TD process by having the PCR amplification tailored after the emergence of full-length DNA to avoid excess PCR.
With the help of our model, insights into the coincidental optimal conditions reported for various PCR-based gene synthesis processes were attained ( Table 3 ). The optimal conditions were universal with an oligonucleotide concentration of 10-60 nM and a primer concentration of 200-800 nM, as reported by a distinct gel band of full-length products. We have demonstrated that the success of gene synthesis relied on the assembly efficiency of PCA, which was in turn dominated by the oligonucleotide concentration and number of PCR cycles (Figures 4  and 6) . The fluorescence signals indicated that an oligonucleotide concentration of 10-60 nM provided optimal assembly efficiency with full-length products. It was noteworthy that the optimal number of PCR cycles should be adjusted according to the oligonucleotide concentration and gene length to avoid excessive PCR. Successful gene synthesis (752 bp) was also achieved with an oligonucleotide concentration of <5 nM in 40 PCR cycles. However, it might not be reliable for genes with a high GC content or a high length due to the comparatively low assembly efficiency. The primer concentration was less critical; it controlled the late amplification process and the quantity of desired DNA ( Figure 5 ). The optimal primer concentration balanced the quantity and purity of the desired DNA, avoiding the formation of spurious DNA products.
As the synthesis yield was insensitive to the assembly annealing temperature (Figure 7) , we suggested performing the assembly with an annealing temperature slightly higher than the average T m of oligonucleotides. This provided several advantages in (i) eliminating potential competition between the assembly and amplification reactions, (ii) minimizing the possibility of truncated oligonucleotides (n -1) participating in the assembly process and the resulting errors, (iii) providing an stringent annealing condition to reduce the potential of forming secondary structures and (iv) increasing the specialization of oligonucleotides hybridization as in Touchdown PCR (37) . All of these would prevent the generation of faulty sequence, especially for gene with high GC contents.
Besides providing a tool for optimizing the gene synthesis conditions, the real-time method would potentially provide other functions for characterizing the synthesis products via analysis of DNA-melting curve. Presumably, successful gene synthesis would yield a product with a single, sharp melting peak, while incomplete synthesis would result in a broad melting curve. The integrated area of the melting peak in the negative derivative of the fluorescence with respect to temperature (-dF/dT versus T) would give the quantity of the desired fulllength product (38) . In combination with DNA-melting simulation software (31, 39) , the purity and quantity of assembled products could be estimated with the use of melting curve analysis, which would eliminate the necessity for agarose gel electrophoresis. This approach could be integrated with microfluidic gene synthesis (17, 18, 40) to develop automated gene synthesis.
Another important factor for successful gene synthesis was the polymerase enzyme. The performance of various polymerases has been studied and compared for the gene synthesis process (2, 16, (41) (42) (43) . The KOD series of polymerases were suggested for gene synthesis (2, 16, 41) . We have observed that the KOD Hot Start outperformed the Taq and Pfu polymerases (data not shown). No obvious full-length gene product was obtained with Taq or Pfu for the TD method.
Herein we have presented a simple, efficient and costeffective TD one-step gene synthesis method that combines the advantages of one-step and two-step gene synthesis processes. We recommend conducting TD synthesis with the following conditions: (i) design primers (T m = 50-558C) and inner oligonucleotide (T m $658C) with distinct melting temperature (ÁT m > 88C); (ii) 2Â LCGreen I, 4 mM of MgSO 4 , 1 mM each of dNTP, 500 mg/ml of BSA, 10 nM of oligonucleotides, 400 nM of forward and reverse primers and 1 U of KOD Hot Start, (iii) 2 min of initial denaturation at 958C; 15 cycles of 958C for 5 s, 67-708C (according to the T m of inner oligonucleotides) for 30 s and 728C for 30 s; followed by 15 cycles of 958C for 5 s, 50-558C (according to the T m of outer primers) for 30 s and 728C for 30 s.
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